determine luciferase activity. Ryk activated the TCFduction, 293T cell lines expressing Ryk siRNA were generated. Endogenous Ryk mRNA levels were determined luciferase reporter 1.5-fold, while Wnt-3a activated the TCF-luciferase reporter 2-to 3-fold ( Figure 1D ). Howby real-time PCR. Messenger RNA of human GAPDH was used as an internal control. Compared with the ever, the TCF-luciferase reporter was activated 5-fold in the cells transfected with Ryk and treated with Wnt-3a control, Ryk mRNA from the Ryk siRNA cell line was inhibited by 88% ( Figure 2C ). conditioned medium. A control mutant TCF-Luciferase reporter (FOPFLASH) was used, and no activation was Signal transduction in these cells was examined using a luciferase reporter assay. In wild-type cells, the TCFfound (data not shown). These results suggested that Wnt-3a and Ryk might function cooperatively in the actiluciferase reporter was activated about 25-fold after Wnt stimulation, while, in Ryk siRNA-containing cells, TCFvation of the TCF-luciferase reporter and supported the notion that Ryk is a receptor for Wnt. To definitively ask driven transcription induced by Wnt-1 was greatly inhibited ( Figure 2D ). This suggests that Ryk is required for whether Ryk plays an essential role in the Wnt signaling pathway, siRNA technology was used to knock down the Wnt-induced, TCF-driven transactivation. As controls, the activation of an NFB-luciferase reporter by IKK and expression of the endogenous Ryk gene. Four hairpin double-strand DNAs to target Ryk were designed and an NFAT-luciferase reporter by the dopamine receptor 2 (D2R) were not inhibited in the Ryk siRNA-containing tested for their ability to reduce Ryk expression (Brummelkamp et al., 2002). The strongest Ryk siRNAs, driven cells, demonstrating that the Ryk siRNA-mediated inhibition was specific to the TCF pathway. These results by an H1 promoter, were inserted into the lentiviral vector FUGW as illustrated (Figure 2A) was dramatically increased (Figures 6B and 6C) . These mRNA level in the DRG explants isolated from Ryk siRNA mice was inhibited to 14% of the wild-type control (data results support the role of Wnt in inducing neurite outnot shown). To assess whether the DRG neurons in growth. The unconcentrated Wnt-3a-conditioned meRyk siRNA mouse had defects in neurite outgrowth in dium had a similar effect (Figures 6D and 6E) . response to Wnt stimulation, DRG explants were isoIt has been reported that Ryk is expressed in DRGs lated from E13 embryos of both wild-type and Ryk siRNA (Kamitori et al., 1999) . However, the localization of Ryk mice and cultured in a collagen gel with DMEM/F12 in DRG neurons was not known. The anti-Ryk antiserum supplemented with unconcentrated Wnt-3a-conditioned we generated in mice was not sufficient; therefore, to medium. While numerous neurites projected from the detect the localization of Ryk in DRG neurons, dissociwild-type DRG explants, DRG explants from Ryk siRNA ated DRG neurons were infected with lentivirus expressmice had fewer and shorter neurites emanating from ing a Ryk/GFP fusion (see Supplemental Figure S1 at them ( Figure 7A ). The number of neurites decreased http://www.cell.com/cgi/content/full/11 9/1/97/ 4-fold ( Figure 7B ), while the average length of neurites DC1/). The expression of Ryk/GFP and GAP 43 was was reduced by 2-fold ( Figure 7C ). As a control, neurite determined by immunohistochemistry. The overlay of outgrowth from wild-type and Ryk siRNA DRG was simiRyk/GFP and GAP 43 suggested that Ryk was localized lar when the medium was supplemented with nerve not only in the cell body but also in growth cones, consisgrowth factor (NGF) (Figures 7D and 7E ), suggesting tent with its roles in neurite outgrowth and axon that Ryk is specifically involved in Wnt-induced neurite guidance.
outgrowth. This may also explain why the neurite outgrowth of DRG is normal in Ryk siRNA mice, since NGF Ryk siRNA Mice Have Defects in Neurite and other growth factors might be also involved in inducOutgrowth in Response to Wnt-3a Induction ing neurite outgrowth in vivo. Based on the results that Although our results showed that Wnt-3a induced neuRyk is required for the Wnt-3a-induced neurite outrite outgrowth in DRG explants, the DRG axon outgrowth growth and the binding of Ryk and Wnt-3a, we conclude that Ryk is a biological receptor of Wnt in vivo. looked normal in Ryk siRNA mice ( Figure 5A ). The Ryk DNA from tails of transgenic mice was subjected to Southern blotannealing buffer (100 mM potassium acetate, 30 mM HEPES-KOH ting using a GFP-WRE DNA fragment as a probe. The mice were (pH 7.4), 2 mM magnesium acetate) at 95ЊC for 4 min, followed by also tested for GFP expression by fluorescent microscopy of their incubation at 70ЊC for 10 min and slow cooling to room temperature. tails. Transgenic mice were crossed with C57BL6, and mice carrying Forty picomoles of annealed oligos were phosphorylated by T4 polysingle-copy transgenes were selected for experiments. nucleotide kinase before they were ligated into pSUPER vector digested by BglII and HindIII. To put siRNA constructs into lentiviral DRG Explants Collagen Gel Assay vectors, siRNA together with human H1 promoter was digested E13 embryos from both wild-type and Ryk siRNA mice were colwith SmaI and HincII and ligated into pFUGW digested with PacI, lected and washed with ice-cold PBS. Dorsal root ganglia were followed by blunting using T4 DNA polymerase. The orientations of isolated and incubated in L15 medium on ice. Ten microliters of the fragments were confirmed by ClaI and EcoRI digestion. Lentivi-10ϫ DMEM/F12 was mixed with 90 l of collagen gel (BD Bioscirus-expressing siRNA were generated using retroviral vectors and ences) and put on ice. Ten microliters of collagen gel mix was put a previously described packaging system (Lois et al., 2002). Concenon the surface of a small culture dish and placed at room temperatrated lentivirus was titered using 293T cells to test GFP expression. ture until the gel solidified. DRG explants were placed on top of this surface, and another 20 l of gel mix was added and incubated at 37ЊC for 10 min. DMEM/F12 medium (2 ml) supplemented with WntReal-Time PCR 3a-conditioned medium or control-conditioned medium was added. RNAs from 293T cells, Ryk siRNA cells, and mouse brains were The explants were cultured between 24 and 72 hr before they were extracted using trireagents (Molecular Research Center). Firstfixed for immunostaining. strand cDNA was synthesized using TaqMan Reverse Transcription Neurite outgrowth induced by concentrated Wnt-3a or NGF is Reagents (Applied Biosystems). The final concentration of the reacsemiquantified using ImageQuant software. Briefly, the picture of tion was 1ϫ TaqMan RT buffer, 5.5 mM MgCl 2 , 500 M of dNTPs, neurite was first converted to grayscale. The background and ex-2.5 M of Random Hexamer, 0.4 u/l of RNase inhibitor, 1.25 u/l plant's core signal were subtracted so that only signals for neurite of Multoscribe Reverse Transcriptase, and 10-100 ng of total RNA. would be quantified and compared. With unconcentrated Wnt-3a, The thermal cycling parameter of the RT reaction was 25ЊC for 10 when the neurite number is low, the length of neurite is compared min, 48ЊC for 30 min, and 95ЊC for 5 min. The real-time PCR was in arbitrary units. performed using the ABI 5700 Real-Time PCR Instrument. The reaction included 1ϫ SYBR Green PCR Master Mix (Applied Biosystems), forward and reverse primer (0.5 M each), and the appropriate Whole-Mount Immunostaining of Mouse Embryos and DRG Explants in Collagen Gel amount of cDNA. The thermal cycling parameter was 50ЊC for 2 min; 95ЊC for 10 min; and 40 cycles of melting, annealing, and extension.
The mouse embryos and DRG explants from the appropriate stage were fixed in 4% paraformaldhyde overnight. The tissues were then The melting condition was 95ЊC for 15 s, and annealing and extension was at 60ЊC for 1 min. Results are analyzed according to the washed with PBS twice and dehydrated serially in 25%, 50%, 75%, and 100% methanol and stored in methanol overnight or longer. manufacturer's instructions.
The primers for real-time PCR were designed using Primer ExPrior to antibody staining, tissues were first treated with 0.3% H 2 O 2 for 0.5 hr followed by rehydration serially with 75%, 50%, and 25% press 1.5 software. The primers were designed to be around 100 bp with a Tm of 58ЊC-60ЊC. Oligos used for amplification of human methanol, PBS, and PBT (PBS ϩ 1% Tween) twice for 5 min each. The tissues were blocked in PBS with 10% heat-inactivated goat Ryk genes were the following: hryk-F2, AGGTGACAATGATGCT CACTGAA; hryk-R2, TGTGATGAAGACCTCGCAGCT; hryk-F3, CAG serum for 2 hr. Primary antibody 2H3 (hybridoma cell bank) at 1:50 dilution in PBS was added for incubation overnight followed by six GTGACAATGATGCTCACTGA; and hryk-R3, GTGATGAAGACCTC GCAGCTTA. Oligos used for human GAPDH were the following:
washes, 30 min each, with PBS/2% goat serum. 
